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Three-dimensional structurevirus (BRV; genus Nepovirus) has a single-stranded, bipartite RNA genome
surrounded by 60 copies of a single capsid protein (CP). BRV is the most important mite-transmitted viral
pathogen of the Ribes species. It is the causal agent of blackcurrant reversion disease. We determined the
structure of BRV to 1.7 nm resolution using electron cryo- microscopy (cryoEM) and image reconstruction.
The reconstruction reveals a pseudo T=3 viral capsid similar to that of tobacco ringspot virus (TRSV). We
modelled the BRV capsid protein to that of TRSV and ﬁtted it into the cryoEM reconstruction. The ﬁt indicated
that the extended C-terminus of BRV-CP is located on the capsid surface and the N-terminus on the interior.
We generated peptide antibodies to two putatively exposed C-terminal sequences and these reacted with the
virus. Hence homology modelling may be useful for deﬁning epitopes for antibody generation for diagnostic
testing of BRV in commercial crops.
© 2008 Elsevier Inc. All rights reserved.IntroductionBlackcurrant reversion disease (BRD) is themost important disease
in blackcurrant crops (Ribes nigrum L.) and is caused by a plant
pathogenic virus, Blackcurrant reversion nepovirus (BRV; ICTVdb code
00.018.0.03.031.) (Fauquet and Mayo, 1999; Lemmetty et al., 1997).
BRD occurs in almost all countries where blackcurrants are grown
commercially. These include countries in Eastern and Central Europe,
Scandinavia, UK, Russia and New Zealand (Jones, 2000), and it is also a
quarantine pathogen in many countries, which restricts the easy
import of germplasmmaterial e.g. into the US. The Nepovirus genus, to
which BRV belongs, contains mainly nematode-transmitted viruses.
BRV is the only known mite-transmitted member of the genus. It is
transmitted by the eriophyid mite, Cecidophyopsis ribis, itself a serious
pest of blackcurrant. Eriophyids were ﬁrst recognized as a plant
disease vector in connection with BRD (Thresh, 1964).
Most mite-transmitted plant viruses are helical viruses belonging
to the Potyviridae family and are spread by different mite species than
BRV. In contrast, BRV is a small, icosahedral nepovirus with a bipartite,
plus-sense RNA genome encoding a single capsid protein (55 kDa)
(Latvala-Kilby and Lehto, 1999; Latvala et al., 1998; Lemmetty et al.,
1997; Mayo and Robinson, 1996). Most preparations of BRV particles
puriﬁed from indicator plants (C. quinoa or N. benthamiana) are
composed of two coat proteins of 54 and 55 kDa in size (Latvala et al.,
1998; Lemmetty et al., 1997) with identical N-termini (Latvala et al.,er).
l rights reserved.1998). Virus preparations containing only the smaller fragment
(54 kDa) can be used to infect indicator plants (C. quinoa) by mechan-
ical abrasion. The resultingprogeny viruses contain both protein forms.
There is one described nepovirus structure, that of tobacco
ringspot virus (TRSV) (Chandrasekar and Johnson, 1998; Singh et al.,
1995). TRSV has a pseudo T=3 capsid made up of 60 copies of a single
capsid protein, 513 amino acid residues in length. It has structural
similarities to both comoviruses and picornaviruses (Chandrasekar
and Johnson, 1998). The capsid protein is made up of three β-barrel
domains. It has not yet been possible to conﬁrm the identity of the
epitopes required for nematode transmission, but a few conserved
residues have been identiﬁed that cluster together in two areas of the
capsid surface (Chandrasekar and Johnson, 1998). Little is known
about the BRV epitopes required for mite transmission.
The complexity of the transmitting agent, growth requirements,
woody nature of blackcurrants and lack of sensitive detection
techniques have seriously hampered the identiﬁcation of BRV in
commercial plants. The ﬁrst functional in vitro assay for BRV detection
was based on a combination of nucleic acid-speciﬁc detection and
virus capture using antibodies with moderate speciﬁcity in an
immuno-capture reverse transcriptase polymerase chain reaction
(Latvala et al., 1997; Lemmetty et al., 1997; Lemmetty and Lehto,1999).
However, the development of a direct serological assay has not been
reported mainly due to a lack of high speciﬁcity antisera (Susi et al.,
1998).
The aim of the current work was to determine the three-dimen-
sional model of BRV using electron cryo-microscopy (cryoEM) and
three-dimensional image reconstruction (Adrian et al., 1984; Fuller
163J.J.T. Seitsonen et al. / Virology 378 (2008) 162–168et al., 1996), verify the homology to other nepoviruses, generate a
homology model and ﬁnally to use this to localize possible antigenic
and mite-transmission determinants within the quaternary structure.
Results
Puriﬁed, vitriﬁed BRVwas inspected by cryoEM (Adrian et al., 1984)
revealing mainly RNA-ﬁlled capsids approximately 29 nm in diameter
although occasionally empty capsids were also found (Fig. 1a). The
structure of RNA-ﬁlled BRV capsids was solved to 1.7 nm resolution
(Fig. 1b) using cryoEM and image processing techniques (Baker et al.,
1999; Fuller et al., 1996; Ji et al., 2006; Marinescu and Ji, 2003). The
particle has a diameter of 27 nm facet to facet and 32 nm vertex to
vertex (Fig. 1c). A central section of the reconstruction revealed that
the RNA is icosahedrally ordered at high radius, closely following the
capsid shell. The signal from the RNA is nearly as strong as the signal
from the protein shell (Fig. 1c).Fig. 1. Architecture of BRV. (a) Electron cryomicrograph of BRV at 3 µm underfocus. An
intact particle (black arrow) and an empty particle (white arrow) are indicated. The
scale bar represents 100 nm. (b) Isosurface representation of the BRV reconstruction at
1.7 nm resolution. The surface is radially depth-cued as indicated by the scale bar. The
symmetry axes are marked with a pentagon (ﬁve-fold), triangle (three-fold) and bar
(two-fold). (c) Central cross-section of the BRV reconstruction showing the highly
organized RNA. The scale bar represents 10 nm. (d) Cross-section through an isosurface
representation of the BRV reconstruction (grey) with the superimposed TRSV atomic
model (PDB-ID 1A6C) revealing a good ﬁt between the two viruses. TRSV structural
protein is coloured by domain: domain A (red), domain B (yellow) and domain C (blue).
(e) Composite representation of the BRV protein capsid (blue) and RNA (orange). The
capsid has been cut open to reveal the highly organized RNA inside. (f) Isosurface
representation of the inside of the BRV capsid after the RNA has been removed,
illustrating the complementarity of the capsid and RNA surfaces. The surface is radially
depth-cued as indicated by the scale bar.The BRV capsid is typical of the small RNA viruses like the
nepoviruses, comoviruses and picornaviruses and is most similar to
the capsid of TRSV, having a similar pseudo T=3 arrangement formed
of 60 copies of a single capsid protein (Arnold and Rossmann, 1988;
Chandrasekar and Johnson, 1998; Hendry et al., 1999). The atomic
model of TRSV (Chandrasekar and Johnson, 1998) was ﬁtted into the
BRV reconstruction (Fig. 1d) and a difference map was calculated. The
major difference was the appearance of the ordered BRV RNA (Fig. 1e).
The RNA complements the shape of the inside of the capsid to the
extent that the RNA even protrudes into the cavities in the ﬁve-fold
vertices of the capsid (Figs. 1c–f). Only small differences were seen
between the TRSV and BRV capsid densities. To interpret these, we
aligned the amino acid sequences of BRV with TRSV and 13 other
nepoviruses (Fig. 2) and made a homology model of the BRV capsid
protein (Fig. 3). These indicated that the BRV has a deletion of four
amino acids in the BC loop (TRSV residues 363–366, LKPD), a three
amino acid insertion in the DE loop of the C-terminal A domain (BRV
residues 416–418, KAG) and a C-terminal extension of 19 amino acids.
The BC and DE loop changes account for the minor differences that
were seen in the turrets that occupy the vertices (Fig. 1d, 2 and 3).
The homology model of BRV was used (Fig. 3) to map RNA–protein
interactions and to identify potential antigenic sites on the quaternary
structure. The BRV homology model (Figs. 3c) thus obtained ﬁtted the
cryoEM reconstruction well (Fig. 3d). The only major difference
between the BRV homology model and the reconstruction is the BRV
C-terminal 14 residues which project out from the surface of the virus
(Fig. 3d). As the last 19 C-terminal residues are not present in TRSV this
is probably one of the least reliable regions of the model. However,
this is also a potential speciﬁc antigenic site as the C-terminal 19
residues are some of the least conserved in the sequence alignment
(Fig. 2). Further experiments were carried out to check the antigenicity
of the C-terminus (see below). The model also predicts that the
N-terminal domain of the BRV capsid protein extends into the capsid
interior to interact with the RNA (Fig. 3e).
From the sequence alignment and the homologymodel, the largest
insertion in a BRV surface-exposed loop compared to the other
nepoviruses is the KAG insert in the domain A DE loop (BRV residues
416–418; Fig. 2). Due to its proximity to the ﬁve-fold vertex, multiple
copies of this sequence cluster together (Fig. 3c). Hence, this could be a
possible mite-transmission epitope along with the C-terminus. A
second KAG sequence (BRV residues 22–24) is present near the three-
fold and is part of the conserved region identiﬁed for many
nepoviruses (Chandrasekar and Johnson, 1998).
To test the antigenicity of the C-terminus, three antisera were
made, one against denatured BRV-CP (Ab-BRV-CP) and two against
putative surface-exposed epitopes, Ab-KAK (peptide antiserum
against amino acids 483–494, EFSTNKAKQIRY) and Ab-STS (peptide
antiserum against the amino acids 524–533, STSASAPNES). BRV
samples were then blotted onto polyvinylidenediﬂuoride membranes
and individual strips were incubated with the different antisera and
shown to bind to the capsid protein (Fig. 4). The proteolytically cleaved
capsid protein, seen in some virus preparations, migrating slightly
faster than the full-length in SDS-PAGE, bound to both Ab-KAK and
Ab-BRV-CP but not to Ab-STS. Hence this smaller form has a C-
terminal truncation. This may arise during infection or the puriﬁcation
process.
Discussion
Our cryoEM studies have shown that BRV has a remarkably well
organized RNA whose shapes closely mimic those of the protein
capsid. This kind of highly ordered RNA packing is not commonly seen
in animal viruses although it has been seen in some plant viruses (Fox
et al., 1998; Wikoff et al., 1997) and invertebrate nodaviruses (Tihova
et al., 2004). The high order of the genome reﬂects a high number of
interactions between the RNA and capsid proteins. Provided that these
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Fig. 2. Amino acid sequence comparison of nepovirus capsid proteins. Secondary
structure of the TRSV atomic model compared to a clustal W alignment of the capsid
proteins of TRSV (NP_919039), BRV (NP_612586), tomato ringspot virus (ToRSV;
NP_620762), tomato white ringspot virus (TWRSV; ABM65096), cherry leaf roll virus
(CLRV; AAB27443), grapevine fanleaf virus (GFLV; NP_619706), beet ringspot virus
(BRSV; NP_620113), tomato black ring virus (TBRV; NP_758518), arabis mosaic virus
(ArMV; YP_053924), olive latent ringspot virus (OLRSV; CAB90217), cycas necrotic stunt
virus (CNSV; NP_620620), grapevine chrome mosaic virus (GCMV; NP_619704),
grapevine Anatolian ringspot virus (GARSV; AAQ56596), artichoke Italian latent virus
(AILV; CAA60707) and raspberry ringspot virus (RpRSV; NP_944488). Fig. was created in
ESPRIPT (Gouet, Robert, and Courcelle, 2003).
Fig. 3. (a) Ribbon representation of the BRV capsid protein homology model. The
C-terminal 19 amino acids (blue) are indicated. Domain A loops BC (green) and DE (red)
are indicated. The DE loop contains a possible mite-transmission epitope KAG. (b) The
TRSV X-ray structure shown as a ribbon model (PDB-ID: 1A6C). Domain A loops BC
(green) and DE (red) are indicated. (c) Space-ﬁlling representation of the quaternary
structure of the BRV homology model showing the clustering of the possible mite-
speciﬁc C-terminus (blue) and KAG epitopes (red). (d) Close-up of the ﬁve-fold vertex of
the BRV reconstruction (grey transparent isosurface) with the BRV homology model
ﬁtted in. The C-terminal 19 amino acids are indicated in blue sticking out of the
reconstruction. In (a–d) the capsid protein is divided into three domains as follows:
domain A (yellow; C-terminal segment), domain B (magenta; middle segment) and
domain C (cyan; N-terminal segment). (e) A closeup of a slab of the BRV reconstruction
(grey with the capped surfaces in grey mesh) with the BRV homology model ﬁtted into
the density showing the main connections between the capsid protein and RNA. The
outside of the capsid is at the top; one of the capsid proteins is shown as a van der Waals
surface representation with the capping surface shown as yellow mesh, domain B as
magenta and C as cyan. Other copies of the capsid protein are shown as stick-and-ball
models in green. Three RNA–protein interaction sites are indicated: N-terminal residues
1–3 (SGL; black arrowheads), A domain residues 112–114 (TFT; white arrowheads) and
B domain residues 290–292 (FHI; black arrows).
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assembly is more sensitive to mutations in RNA and capsid proteins
than assembly of mammalian picornaviruses where the RNA is gen-
erally not as well ordered. The organization of the RNA may also
indicate a potential RNA release site for infection. The cavity under-
neath the ﬁve-fold is occupied by the genome indicating that RNA
would be capable of moving through the ﬁve-fold portal were it
opened. The ﬁve-fold is known to be the release channel for at least
some small, icosahedral RNA plant viruses such as cowpea chlorotic
mottle virus (Speir et al., 1995).
Homology modelling of the BRV capsid was used to identify
potential sequences that could be used for mite interaction. The two
most obvious are the C-terminal 19 residues and the unconserved DE
loop in the C-terminal A domain. It has previously been shown that
virus preparations containing the shorter form of the capsid protein
are infectious bymechanical abrasion, resulting in symptoms identical
to BRV symptoms (Lemmetty et al., 1997). Here we show that the
shorter form is due to a C-terminal truncation. Thus, the C-terminus is
not important for the infectivity of the virus but may indeed serve as a
determinant for mite transmission.
When considering suitable epitopes for the generation of diag-
nostic antibodies against BRV, various antigenic determinants must be
located not only on the surface of capsid protein but also on the surface
of BRV virions. The homologymodel of the BRV capsid predicts that the
C-terminus is extended from the virion surface, and is thus suitable for
antibody generation. Antibodies generated against synthetic peptides
targeting the C-terminal portion of BRV capsid proteinwere functional
indicating that C-terminusmaybe used for generation of antibodies for
serological assays.
A knowledge of the structure of virus particles is of interest when
trying to identify the virus using speciﬁc antibodies or in under-
standing the interactions of the virus e.g. with the host plant and
transmitting vectors. The surface epitopes of only some icosahedral
plant viruses have been investigated in detail using peptide scanning
methods (He et al., 1998; Jaegle et al., 1988; Joisson et al., 1993;
Mackenzie and Tremaine, 1986). Structural prediction methods can,
therefore, provide an interesting avenue for exploring virus structure
and antigenicity. The programs used in the course of this study
produced comparable results which correspond reasonably well with
the cryoEM-derived model. Models obtained by predictive methods
can offer a quick indication of potential surface-exposed antigens onviral capsids and thus may be of help in separating valid antigenic
targets from invalid ones for diagnostic purposes.
The development of a sensitive and reliable antigenic peptide for
BRV combined with regular tests would allow the recognition of the
disease long before the symptoms become evident. Early detection
might help in containment of the disease as diseased plants could
rapidly be separated from the healthy ones and possibly before mites
have the chance to spread the disease further. This kind of testing
scheme could alleviate the economic impact of BRV on blackcurrant
crops all over the world.
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Puriﬁcation
Inoculated and systematically infected Chenopodium quinoa Willd.
leaves were ground up in phosphate buffer (0.05 M Na2HPO4, 0.02 M
ascorbic acid, 0.02 M 2-mercaptoethanol, pH 8.0). The solution was
clariﬁed through cheese cloth and centrifuged (15000 ×g, 20 min, 4 °C).
The supernatant was adjusted to pH 5 with HCl, incubated overnight at
4 °C and clariﬁed by centrifugation (15000 ×g, 20 min, 4 °C). The virus
was precipitated by adding 8% PEG6000 (w/v) to the supernatant and
stirred for 1 h at 4 °C before being pelleted (15000 ×g, 20min, 4 °C). The
PEG pellet was dissolved in 0.05 M Na-citrate buffer (pH 7), stirred and
cleared (15000×g, 20min, 4 °C). The resulting supernatant (supernatant
1) was stored whilst the pellet was resuspended a second time and
cleared once more (15000×g, 20 min, 4 °C) to release additional virus
(supernatant 2). Supernatants 1 and 2were pooled and then pelleted by
high speed centrifugation (105000×g, 90 min, 4 °C). The pellet was
resuspended and subjected to rate zonal centrifugation (10–40% sucrose
in 0.05 M Na-citrate, pH 7, 164000×g, 150 min, 4 °C). The gradient was
fractioned, the fractions containing the virus were diluted, pelleted
(180000 ×g, 120 min, 4 °C), resuspended and stored at −80 °C in 0.05 M
Na-citrate buffer (pH 7.0) until use.
Preparation of vitriﬁed specimens and electron microscopy
The vitriﬁed samples were prepared from 3 μl aliquots of puriﬁed
virus on Protochips C-Flat 224 grids as previously described (Baker,
Olson, and Fuller, 1999). The micrographs were recorded using a
GATAN 626 cryo-holder maintained at −180 °C and a FEI Tecnai F20
microscope operated at 200 kV. The images were recorded using a
Gatan Ultrascan 4000 CCD camera at a nominal magniﬁcation of
68000× and on Kodak SO163 ﬁlm at a nominal magniﬁcation of
50000×. Low dose conditions were used at all times. The sampling of
the CCD camera is 15 μm. At the magniﬁcation used, this results in
a nominal sampling of 0.221 nm/pixel in the digital micrographs.
Comparison with the TRSV X-ray model revealed the effective
magniﬁcation to be around 66400× and the corresponding sampling
to be 0.226 nm/pixel. Film micrographs were scanned using a Zeiss
Photoscan TD scanner using a step size of 7 μm and binned toFig. 4. Antibody binding to BRV capsid protein. BRV capsid proteins from sucrose-
gradient-puriﬁed virus were separated on SDS-PAGE and either stained with Coomassie
Brilliant Blue (lanes 1 and 2), or subjected to antibody binding (lanes 3–5). Molecular
weight markers are indicated in lane 1 (Prestained Protein Marker Broad Range, New
England Biolabs. Two forms of BRV capsid protein fragments are seen with Coomassie
Brilliant Blue at 54 and 55 kDa indicated by the two black arrows (lane 2). Both bands
react with the peptide antisera Ab-KAK (lane 3) and polyclonal antisera to BRV capsid
protein (Ab-BRV-CP; lane 4), but only the longer forms react with the very C-terminal
peptide antisera Ab-STS (lane 5).14 μm. Scaling to the TRSV X-ray model resulted in a sampling of
0.292 nm/pixel.
Image processing
Digital micrographs were inspected by eye for crystalline ice and
then evaluated by determining the CTF of each micrograph. Images
containing drift or astigmatism were not processed further. Particles
were picked automatically using the program ETHAN (Kivioja et al.,
2000), inspected by eye and extracted with EMAN (Ludtke et al., 1999).
The orientation search was done with PFT2 (Baker and Cheng, 1996;
Fuller et al., 1996) and POR (Ji et al., 2006). The reconstruction was
done with EM3DR2 (Marinescu and Ji, 2003). The data set used
consisted of 831 particles with defocus values ranging from 1.6 μm to
4.6 μm. The resolution of the model was assessed using the FSC 0.5
criteria (van Heel and Harauz, 1986). Visualization of the model was
done with CHIMERA (Pettersen et al., 2004).
Modelling of BRV capsid protein and construction of virions
Predictions of the BRV capsid protein structure were obtained
using internet based homology modelling tools. The BRV capsid
protein amino acid sequence (NP_612586) was submitted to I-TASSER
(Zhang, 2007) as a single chain. The I-TASSER model was aligned with
the TRSV capsid protein (PDB-ID: 1A6C) using CHIMERA (Pettersen
et al., 2004). Using the resulting coordinates, a complete capsid was
constructed using the VIPERDB oligomer generator (Shepherd et al.,
2006).
Polyclonal and peptide antisera
Polyclonal antisera against denatured BRV capsid protein (Ab-BRV-
CP) were generated in rabbits. Viral capsid protein fragments from
preparative SDS-PAGE gels, were mixed and emulsiﬁed with Freund's
incomplete adjuvant with a syringe, and inoculated subcutaneously
into white rabbits. Two boosters were given every 14 days. The ﬁnal
bleed was collected and maintained at −20 °oC. Anti-rabbit peptide
antiserawere generated against the C-terminal peptides of BRV capsid
protein (EFSTNKAKQIRY [Ab-KAK] and STSASAPNES [Ab-STS] corre-
sponding to the amino acids 482–493 and 523–533 in the capsid
protein sequence, respectively), which were linked to keyhole limpet
haemocyanin (Sigma-Genosys Ltd.; Cambridge, U.K.).
Western blot
10% SDS-PAGE gels (Laemmli, 1970) were run and proteins were
transferred to polyvinylidenediﬂuoridemembranes. Membranes were
blocked in 25 mM Tris–HCl, pH 7.5, 200 mM NaCl, 3% non-fat milk
powder for 30 min and incubated overnight with primary antibody.
On the following day, membranes were washed twice with 25 mM
Tris–HCl, pH 7.5, 200 mM NaCl for 15 min each, and subjected to
secondary antibody (Anti-rabbit Ig HRP-linked whole antibody,
Amersham) for 2 h, washed as before and incubated for a minute in
HRP-ECL enhancer solution. Membranes were exposed to X-ray ﬁlm
for 5–30 min.
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